N
atural photosynthesis uses sunlight to drive the conversion of energy-poor molecules (H 2 O, CO 2 ) to energyrich ones (O 2 , (CH 2 O) n ). Scientists are working hard to develop efficient artificial photosynthetic systems toward the "Holy Grail" of solar-driven water splitting. High on the list of challenges is the discovery of molecules that efficiently catalyze the reduction of protons to H 2 . In this Account, we report on one promising class of molecules: cobalt complexes with diglyoxime ligands (cobaloximes).
Chemical, electrochemical, and photochemical methods all have been utilized to explore proton reduction catalysis by cobaloxime complexes. Reduction of a Co II -diglyoxime generates a Co I species that reacts with a proton source to produce a Co A thermodynamic analysis of H 2 evolution pathways sheds new light on the barriers and driving forces of the elementary reaction steps involved in proton reduction by Co I -diglyoximes. In combination with experimental results, this analysis shows that the barriers to H 2 evolution along the heterolytic pathway are, in most cases, substantially greater than those of the homolytic route. In particular, a formidable barrier is associated with Co
Introduction
In response to the current global energy crisis, scientists are going to great lengths to develop renewable resources capable of meeting projected energy demands.
1,2 Solar energy conversion is an area of enormous promise; using sunlight to make "solar fuels" such as H 2 (from H 2 O splitting, Figure 1 ) and CH 3 OH (by reducing CO 2 ) is one of the Holy Grails of 21st century chemistry. 3, 4 Splitting water is highly desirable, because 4.92 eV is stored when two H 2 O molecules are split into two H 2 and O 2 , but running the reaction is challenging; it involves two separate multielectron redox processes, a four-electron oxidation and a two-electron reduction. 5 Because sequential electron or hole transfers directly to H 2 O produce extremely high-energy intermediates, an energy-efficient process requires catalysts that avoid formation of these species. 6, 7 Coordination to metals in some cases can stabilize these energetic inter-mediates, thereby lowering the barriers for hydrogen evolution. 8 One of the best catalysts is platinum, which operates at the thermodynamic potential for H + /H 2 conversion (0 V vs SHE, pH 0). 9 [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] which have inspired a great deal of work on synthetic metallobiomolecules aimed at mimicking proton reduction and H 2 oxidation functionalities. [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] Although the ultimate objective is to use water as a feedstock, [32] [33] [34] [35] [36] [37] [38] many potential H 2 evolving catalysts are tested for catalytic activity in organic solvents, because they often are not soluble or stable in aqueous environments. The electrocatalytic behavior of proton sources in organic solvents is markedly different from that in aqueous environments. In nonaqueous solvents, the standard potential for hydrogen evolution, E HA/H 2°, is directly related to acid strength, and can be described by
where E H + /H 2°i s the solvated proton/dihydrogen couple standard potential in the given solvent and K a,HA is the acid dissociation constant for the proton source. 39 The standard potentials for hydrogen evolution from a variety of commonly used acids is given in Table 1 . The overpotential for proton reduction, is the difference between the potential of catalytic activity and E HA/H 2°; we do not expect to achieve catalysis at potentials more positive than E HA/H 2°. Metal complexes that catalyze the reduction of protons to H 2 in organic solvents [40] [41] [42] [43] include (CpMoµ-S) 2 45 Cobalt complexes with diglyoxime ligands (Figure 2 ) also have been shown to catalyze hydrogen evolution at low overpotentials; the proton reduction chemistry of these catalysts will be highlighted in this Account. potentials. 50 Complexes with more negative reduction potentials were able to catalyze proton reduction with weaker acids at higher rates than those with more positive reduction potentials. Metal hydride pK a values increase as the Co II/I reduction potentials become more negative; thus the Co II/I potentials are related to Co I basicities. 51 The overpotentials for proton reduction catalyzed by cobaloxime complexes can be estimated from the difference between E HA/H 2°a nd the potential where catalytic behavior is observed, which occurs just negative of E°(Co
). Catalysts that reduce protons near the thermodynamic potential also should oxidize H 2 in the presence of a conjugate base. Indeed, slow oxidation of H 2 by 1 in the presence of [NBu 4 ]CF 3 CO 2 has been observed. The H 2 evolution overpotential was calculated to be 90 mV based on the reaction equilibrium constant. 50 The electrocatalytic behavior of similar cobalt diglyoximes also has been examined. Co(dmgH) 2 pyCl (3a, py ) pyridine) catalyzes H 2 evolution at a Co II/I potential of -1.06 V vs SCE in DMF (Table 3) . 52 Upon reduction to the Co II species, the halide ligand is labilized, while the axial pyridine stays coordinated. Substitution of the axial pyridine for 4-(dimethylamino)pyridine (3b) does not substantially modify the Co II/I potential, but the catalyst appears to be more electroactive. Co(dmgH) 2 L 2 (4) has the same Co II/I reduction potential as 3 in DMF. 52 The glyoxime bridging BF 2 groups, produced via reaction of the complex with BF 3 · Et 2 O, 53 shift Co II/I potentials to values ∼0.5 V more positive than their corresponding hydrogen-bridged counterparts but require stronger acids for electrocatalytic hydrogen evolution. The bridging BF 2 groups also increase the stability of the catalysts in acidic solutions.
Photochemical Systems
Catalytic hydrogen production can be driven directly with light when a sacrificial electron donor is present to scavenge the oxidized photosensitizer. 54, 55 Photosensitizers can act as both light harvesters and photoreductants; quenching their electronic excited states by electron transfer, directly to a catalyst or via an electron mediator, generates the reduced catalyst. Zeissel and co-workers demonstrated a multicomponent photochemical system for homogeneous H 2 generation with a cobaloxime catalyst in organic solvents, utilizing 
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[Ru(bpy) 3 ] 2+ (bpy ) 2,2′-bipyridine) as photosensitizer, triethanolamine (TEOA) as sacrificial electron donor, and 4 as catalyst. 56 In DMF solution at pH 8.8, the turnover number for 1 h of irradiation (based on photosensitizer concentration) was 38. Among other work of note, 57 Alberto and co-workers studied a similar photosystem with 4, employing [ReBr(CO) 3 (bpy)] as a photosensitizer, 1 M TEOA as sacrificial electron donor, and 0.1 M acetic acid as a proton source in DMF. 62 They observed 150 turnovers in 9 h irradiation (λ > 400 nm) for the system, which had a 26% ( 2% quantum yield. Dimethylglyoxime (7.5 mM) was added to enhance catalytic activity. Bifunctional systems (Figure 3 ) have been reported recently with photosensitizers coordinated directly via axial pyridine Ru-Co systems with (S6) and without (S7) linker conjugation. 64 While both complexes were more active than the corresponding multicomponent systems, the one with a nonconjugated bridge exhibited more turnovers.
Reaction Pathways
Pathways for proton reduction by cobalt complexes are shown in Scheme In an attempt to shed more light on H 2 evolution pathways, Peters and co-workers evaluated catalysis by 1 with (p-cyanoanilinium)BF 4 , employing higher acid/catalyst ratios (>10) than in earlier work. 50 With ratios less than 10, these simulations were successful for both homolytic and heterolytic pathways. Over a wider range (1:1 to 40:1), however, the data could only be simulated successfully assuming a homolytic route for H 2 evolution. The overall rate constant for H 2 evolution was estimated directly from the plateau currents. For complexes 1 and 2, the rate constants are 7 × 10 3 and ∼2 × 10 2 M -1 s -1 , respectively. In both cases, the reactions are first-order in acid concentration. On the basis of these data, it is clear that hydride formation is a key step in the catalysis of H 2 evolution. Attempts to isolate a Co III H complex with glyoxime ligands have been unsuccessful, except for the kinetically stabilized phosphine-supported hydride 7H. 66 Protonation of isolable Co I species with a variety of proton sources, as well as reaction of Co III halide species with borohydrides, consistently yielded Co II complexes and H 2 , suggesting that Co III H is extremely reactive. 50 Photocatalytic hydrogen generation systems are considerably more complex than the corresponding electrocatalytic ones. Reactions in photosystems with tertiary amine sacrificial donors (TEOA or Et 3 N) are set out in Scheme 2. The excited photosensitizer (PS*) can be quenched by cobaloxime, producing PS + , which reacts with R 2 N-CH 2 -R′ to generate R 2 N-CH 2 -R′ + ; PS* also can be reductively quenched by Eisenberg's work on photochemical systems using Pt II acetylide chromophores 58, 59 and organic photosensitizers 60 with 3 (as well as other cobaloximes) showed that hydrogen evolution was first-order in catalyst concentration. The authors favor a monometallic route via Co II H to produce hydrogen.
The [Re(CO) 3 Br(phen)]/1/Et 3 N/Et 3 NH + system examined by
Fontecave and co-workers also exhibited a first-order dependence on catalyst concentration, although above a certain concentration, the yield decreases, likely owing to competition for light absorption between the colored catalyst and photosensitizer. 61 In the [Re(CO) 3 Br(bpy)]/4/TEOA/AcOH/DMF system studied by Alberto and co-workers, the observation of a second-order dependence on 4 in the rate of H 2 evolution (3.7 M -1 s -1 ) led to the conclusion that the reaction occurred primarily via a homolytic route, although other mechanisms were not ruled out. 62 The authors noted that a heterolytic process likely would require the generation of Co II H as a reactive intermediate.
Thermodynamic Analysis of Reaction Pathways
Electrochemical hydrogen evolution catalyzed by As illustrated in Figure 4 , the initial step in catalysis involves electron transfer from a donor (D) to Co II ; the barrier to this transformation (∆G ET1 q ) depends on the driving force and reorganization parameter (λ). A nuclear reorganization energy of 1.4 eV has been estimated for Co II -Co I electron exchange in 2, consistent with facile electron transfer. 69 Protonation of the reduced catalyst is described by a driving force (∆G 3°-∆G 2°) proportional to the pK a difference of the proton donor (HA) and The driving force for the overall hydrogen evolution reaction (∆G R°) depends on the reduction potentials of the electron donor relative to the standard potential for hydrogen evolution from HA (E HA/H 2°) . In a homolytic reaction pathway (red curve, Figure 4 ), all elementary steps on the way to proton reduction are exergonic when sufficiently powerful reductants and proton sources are used. The largest barrier to catalysis likely is associated with the elementary step that forms H 2 . Little is known about the rates or barriers to bimolecular reductive elimination from metal hydrides, but it is probable that the rate of H 2 formation through this elementary step will be proportional to k homo1 [Co III H] 2 .
In the heterolytic route (blue curve, Figure 4) Dempsey et al. vorable driving forces. Nevertheless, it is important to remember that the dominant route to H 2 formation will depend not just on the barrier heights for elementary steps but also on the relative concentrations of HA and Co III H. At very high acid concentrations, the heterolytic pathway becomes more favorable and can be faster even with a higher barrier height.
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Summary and Prospects
Electrochemical and photochemical investigations have shed light on potential pathways of cobalt-catalyzed hydrogen evolution from solutions. Our thermodynamic analysis of these pathways has emphasized the critical role played by the barriers and driving forces of the elementary steps involved in catalytic H 2 evolution; it highlights the lower barrier of a homolytic reaction pathway. To date, however, no studies have provided detailed chemical kinetics of H 2 production nor have any key intermediates been detected.
Photochemical methods coupled with time-resolved spectroscopy offer unique opportunities to identify and monitor intermediates in the reaction cycle leading to H 2 evolution. For example, laser flash-quench methods [71] [72] [73] can be used to trigger the reduction of Co II to Co I , permitting optical 74 or infrared 75, 76 detection of intermediates on time scales appreciably shorter than those accessible by conventional stopped-flow spectroscopy. Transient spectroscopic and kinetics measurements can offer critical insights into rate-limiting processes and the mechanism as a whole. A major challenge in this area is the development of photosensitizers and electron relays that are not inhibited by acids.
77
The low-barrier homolytic pathway relies on the diffusion of two hydride species together in solution. A rate law with a first-order dependence on both cobalt and acid is fully consistent with electrochemical data and a first-order dependence on cobalt concentration also has been found for photochemical systems. These findings, coupled with the thermodynamic preference for a homolytic route, suggest that the limiting rate may be associated with formation of the hydride. While a bimolecular reaction of cobalt hydrides may not be rate limiting, a homolytic pathway would preclude the immobilization of catalyst on an electrode surface by preventing bimolecular diffusion pathways. Although there has been very little work on immobilizing these cobaloxime species on surfaces, 78 an efficient water splitting device 3 may require catalysts to be tethered to a photoelectrode surface.
Eliminating bimolecular diffusion by covalent linking of cobalt centers in a dinuclear catalyst could potentially enhance the rate of H 2 production. Any increase in rates of H 2 production relative to that of a mononuclear analogue could be probed via electrochemical methods. Work on Ru and Os diporphyrins indicates that cofacial orientation of metallocenters enhances H 2 evolution under certain conditions. 40, 42 There have been very few reports of dinuclear cobalt species with glyoxime 79 or glyoxime-like ligands, 80 and none has demonstrated proton reduction activity. Current work in our laboratory is focused on proton reduction by covalently linked dicobalt catalysts.
